Theoretical and observed distance corrections for Rayleigh-wave magnitude by Alewine, R. W., III
Bulletin of the Seismological Society of America. Vol. 62, No. 6, pp. 1611-1619. December 1972 
THEORETICAL AND OBSERVED DISTANCE CORRECTIONS FOR 
RAYLEIGH-WAVE MAGNITUDE 
BY R. W. ALEWINE, III 
ABSTRACT 
Examination of the distance correction factor used in the widely accepted 
formula for surface-wave magnitude reveals that this empirically derived linear 
formula fails to give an accurate approximation to the theoretical nonlinear 
amplitude-distance r lation for epicentral distances less than 15 °. For epicentral 
distances greater than 15 °, the empirical formula contains an implied oceanic-type 
energy-dissipation coefficient. When the original Gutenberg theoretical surface- 
wave magnitude formula with an appropriate continental energy-dissipation 
coefficient is applied to explosion data from the Nevada Test Site, a consistent 
surface-wave magnitude is obtained at all distances. A systematic method of 
normalizing Rayleigh-wave magnitudes obtained over different types of propaga- 
tion paths is suggested. This normalization might provide a means for better separ- 
ating natural events and explosions in the mb-  Ms plots. 
INTRODUCTION 
Recent investigations of Rayleigh-wave magnitude from explosions and earthquakes 
in continental areas have indicated distance-dependent magnitudes when the usual 
Gutenberg-Richter (1936) surface-wave magnitude formula is applied. In order to 
eliminate this magnitude dependence ondistance, Evernden (1971), Evernden et al., (1971), 
and Basham (1971), using long-period records from Long Range Seismic Measurements 
(LRSM) stations in the United States and permanent stations in Canada, have 
proposed new distance power dependences which are lower than those used in the 
generally accepted amplitude versus distance xpression used in determining magnitudes. 
These new power dependences are similar to those reported by Tarter (1961) for shallow- 
focus earthquakes recorded at small epicentral distances. Distance-independent magni- 
tudes are essential in the determination f accurate and consistent surface-wave magni- 
tudes at short to intermediate distances. This accurate information is needed in order to 
lower the threshold of discrimination between underground explosions and shallow 
earthquakes. Also, some means is necessary to systematically compare magnitudes 
measured at a single station from different events with different crustal and upper- 
mantle structure along the propagation path. Conversely, the removal of path effects 
would allow a better comparison of magnitudes obtained at different stations for the 
same vent. 
Comparison of empirical and theoretical distance corrections. A critical examination of 
the formulation of the original surface-wave magnitude scale reveals that the distance 
correction term used in the standard formula given by Gutenberg and Richter (1936) 
is not intended to give the needed accuracy at these short to intermediate distances for 
events with purely continental propagation paths. This standard formula is given by 
Ms = lOgloAu--lOglo BE (1) 
where An is the maximum zero-to-peak amplitude in microns of the horizontal com- 
ponent of the fundamental-mode Rayleigh wave having a period of about 20 sec, and 
- log  B n is a correction factor that is given as a function of distance. The quantity 
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- logs 0 Be is an empirical relation given either in tabular form as in Gutenberg (1945) 
and Richter (1958), or can be expressed as 
- loglo Be = 1.656 logloA+ 1.818 (2) 
where A is the epicentral distance in degrees confined to lie between 15 ° and 130 °. 
For maximum amplitudes having periods different from 20 sec, this formula has been 
modified to approximate he amplitude of the 20-sec wave by 
M s = loglo(-A-~)+ 1.656 log~ oA+3.119. (3) 
This last formula is equivalent to within an additive constant of 0.181 of the Prague 1962 
formula given by Vanek et al., (1962) 
M~ r= log lo (~)+ 1.656 logloA+3.3. (4) 
A slight variation to the Prague formula by which the vertical component of the Ray- 
leigh waves is used to avoid contamination with Love waves is in general use in the 
United States and Canada. This latter formula should yield magnitudes greater than those 
given in (4) by the constant value, log(1/eo), e o being the surface llipicity of the period of 
the Rayleigh wave used. For a typical continental model, waves having periods in the 
range of 8 to 25 sec yield a value of about 0.17. 
However, it must be emphasized that the - log B e factor given in (2) and subsequently 
used in (3) and (4) is an empirical relation found by Gutenberg (1945) by applying a 
least-squares timate to observed amplitude data obtained primarily from earthquakes 
around the Pacific and recorded in Pasadena. In performing this least-squares fit,Guten- 
berg found that for those events with epicentral distances between 15 ° and 130 °, a plot of 
the amplitudes versus the logarithm of the distance yielded nearly a linear relation. 
The - log B e given in (2) was adopted as a linear approximation ver a particular range 
to the nonlinear theoretical distance correction term discussed below. Thus, the - log B e 
correction term is based simply on a best fit of data from events having primarily oceanic 
travel paths in the 15 ° to 130 ° distance range. 
Basham (1971) and Evernden (1971) plotted the variation of Rayleigh-wave amplitude 
with distance for short to intermediate continental ranges and performed a linear least- 
squares fit to the observed ata. The coefficients of the log1 o A term that they present are 
smaller than that given by Gutenberg (1945) over longer oceanic ranges. With these lower 
power dependencies, the theoretical formula can be approximated bya linear elation over 
the specified range interval and type of propagation path. Nuttli (1972) gives a thorough 
discussion of these limited-range linear approximations to the theoretical nonlinear 
formula. 
Gutenberg and Richter (1936) give the following theoretical expression for the distance 
absorption effect for waves having periods near the minimum in the group-velocity 
dispersion curve. 
A2 /11 T2 - T1 exp [ -  (k/2)(AE-A1)l11.2]F Sin A']'/2FALI'/6 (5) 
where A, are amplitudes, taken to be the horizontal amplitudes inmicrons, T, are periods 
at some distance A,, expressed in degrees, and k is the coefficient of energy absorption, 
expressed in inverse kilometers, at the period 7",. It is to be noted that this expression 
contains a (r)-1/2 geometrical spreading factor and an amplitude decay term owing to 
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dispersl0n which goes as (r)-1/6. However, Ewing et al., (1957) report that the ampli- 
tude variation owing to dispersion alone should go as (r)-1/3. This effect will be discussed 
in more detail in a separate paper in preparation (Alewine, 1972). In all of the calcu- 
lations in this paper, we will follow Gutenberg and Richter (1936) in approximating this 
amplitude decay as (r)- 1/6 
The absorption coefficient, k, is a function of the type of path traversed by the wave as 
it propagates from point 1 to point 2. Now if we set A 1 to be 90 °, T 1 to be 20 sec, and 
define 
C = exp [ - (k /2 ) (A2-A , ) l l  1.2] [-Sin Al-I1/~FA111/6 LS -U 2J (6) 
then we obtain 
loglo[A(A = 90°)] = loglo - log loC+log lo20  (7) 
where 
- logl oC = l[48.25k(A 2- 90 °) + loga oSin A 2 -{- ½(log 1 oA2 -- 1.954)]. (8) 
But the surface-wave magnitude, Ms, is defined (Gutenberg and Richter, 1936) as 
Ms = log1 o[AH(A = 90°)] + 5.04 (9) 
where the 5.04 was arbitrarily chosen to set the zero of the magnitude scale. Combining 
(7) and (9), we obtain for the theoretical surface-wave magnitude 
[- -] AH T 
Ms= lOg lo /~- l - log loB  +loglo[20] (lO) 
where - log 1 oB T ~ - -  log 1 o C + 5.04 
--log10 Br  = 5.04+½148.25k(A-90°)+logloSin A+½(loglo A -  1.954)]. (11) 
It is evident from (11) that the distance correction factor is not only a function of the 
epicentral distance but also of the energy-dissipation structure of the travel path. 
Gutenberg (1945) compared the values of - log  B T, with an oceanic k, to - log  B e and 
found excellent agreement between the theoretical, empirical, and observed istance- 
correction factors for distances greater than 30 ° along an oceanic-type travel path. For 
distances less than 30 ° the observed istance-correction factors are slightly smaller than 
those predicted by the theoretical equation, whereas the empirical factors are still quite 
close. In this comparison, Gutenberg used an oceanic k value of 3.0× 10 -4 km -1,  
which is about a factor of 2 greater than he observed for an average continental path. 
Data presented by Tsai and Aki (1969) comparing Q values obtained from oceanic 
travel paths and continental travel paths seem to confirm this general ratio. Nuttli 
(1972) also finds that a dissipation coefficient of 2.74 × 10-4 km-X gives good theoretical 
agreement to the observed 20-sec-period surface-wave amplitude-distance d cay rate 
used in the formulation of the original surface-wave magnitude. 
Thus, the empirical distance correction factor, (2), for distances greater than 15 ° is 
essentially a good linear approximation to the theoretical factor, (11), with an oceanic 
dissipation structure. Because the magnitude scale has been used for events with world- 
wide travel paths, and the propagation path from the majority of the earthquakes to 
stations in the United States and Canada involves some oceanic-type structure, the 
- log  B e correction factor has performed quite adequately because most of the Earth's 
crust and upper-mantle structure is oceanic. However, the - log B e term is not intended 
to accurately approximate - log  B T with a continental type k, or to correct properly the 
observed amplitude data for short, purely continental, travel paths. 
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FIG. 1. Implied values of the energy-absorption coefficient, k, for three proposed empirical amplitude- 
distance correction equations. 
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FIG. 2. Comparison of the empirical distance correction term, - log loB r, and the theoretical term, 
- l og loB  r, (11), for a continental-type absorption coefficient. The inset shows the difference between the 
tWO curves .  
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If the simple linear Gutenberg-Richter relation is used to approximate the theoretical 
nonlinear term inside of the 15 ° range, then the empirical term, 1.656 log A, would 
incorrectly imply a distance dependence on k, and would result in absorption coefficient 
values much different from those observed for either continents or oceans. Figure 1 shows 
these implied coefficients calculated by equating (2) to (11) and solving for k as a function 
of distance. From this figure, we see that by using the Gutenberg-Richter correction for 
distances less than 15 °, the energy-dissipation coefficient of the medium implied by using 
the incorrect empirical formula in this range is much higher than that actually observed 
for either continents or oceans. This is just another way of expressing the fact that the 
linear empirical correction cannot approximate the nonlinear theoretical correction 
term with reasonable nergy-dissipation coefficients for distances less than 15 ° . Also 
plotted on this figure are the implied k's for the empirical distance-correction factors 
proposed by Evernden (1971) and Basham (1971). As shown in this figure, the Evernden 
and Basham curves do indeed imply a satisfactory value of k which is almost range- 
independent for distances greater than 4 ° or 5 ° . It must be pointed out, however, that 
neither Evernden nor Basham included events with ranges less than 4 ° in their least- 
squares fit to get their empirical relations. This figure shows that perhaps till another 
empirical formula is needed to accurately estimate magnitudes from continental travel 
paths of less than 4 ° . 
Now if we assume a continental energy dissipation factor of 1.2 x 10-4 km- l ,  we see 
from Figure 2 that the empirical distance-correction factor is significantly lower than the 
theoretical correction for travel paths of less than 50 ° . For very short travel paths, the 
estimate of the surface-wave magnitude can differ by as much as one full unit. The inset 
to the figure shows the difference between the theoretical and the empirical values. The 
reason the two curves diverge as the travel path becomes maller is the fact that the 
surface-wave magnitude scale normalizes amplitudes of a given type of travel path to 
the amplitude observed at 90 ° , not to that observed at the epicenter. If the surface- 
wave magnitude is calculated using the empirical formula, but the travel path is typically 
continental, then this difference shown in Figure 2 must be added to the magnitude using 
(2). It should be noted from this figure that even at a range of 20 °, where the empirical 
correction is supposedly a good approximation to the observed ata with oceanic travel 
paths, and also a good approximation to the theoretical term with an oceanic dissipation 
constant, there is still a half unit of magnitude difference between that given by the 
empirical correction and that calculated theoretically for a continental travel path. 
Figure 3 shows the effect of adding this continental correction to the magnitudes 
derived from the empirical correction using long-period LRSM recordings of Nevada 
Test Site (NTS) events as given by Evernden (1971). At each of the stations where a 
magnitude was determined, the travel path was purely continental. Although this figure 
still indicates ome scatter to the corrected magnitudes, there is no longer any apparent 
distance dependence on the magnitude derived for each event. Evernden (1971) also 
presents magnitude measurements found by applying (4) to continental earthquakes which 
also exhibit this same magnitude-distance dependence. In Figure 3, a dashed line has 
has been drawn to the best fit to each of the corrected magnitude data sets. In each case, 
the theoretical surface-wave magnitude for this particuta~r continental energy-dissipation 
coefficient is slightly larger than that predicted by the asymptotic fit at large epicentral 
distances to the empirical formula. If an unreasonable energy-dissipation coefficient 
were chosen in the calculations, then a magnitude-distance relation would reappear in 
the corrected ata. Therefore, to be rigorous in determining the surface-wave magnitude, 
the average nergy-absorption coefficient for the travel path must be calculated and the 
magnitude determined at a particular station will be a function of this coefficient. 
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In the above discussion, we have assumed one value for the energy-absorption coeffi- 
cient and applied this to each magnitude determination regardless of the actual period 
used. For the Sedan event, the average value of the periods used in the magnitude 
determination at each individual station as given in the LRSM shot report for that 
event was about 16.5 sec. Mitchell (1972), in a study involving attentuation of Rayleigh 
waves in the central United States, gives an energy-decay coefficient of about 1.2 x 10-4 
km -a for a period of 16.5 sec. This value is also a good average of the continental 
coefficients given by Gutenberg (1945) and Tryggvason (1965) for the period range 17 to 
25 sec. Consequently, this was the value chosen to approximate the decay coefficient 
used in these continental magnitude determinations. It is easily seen from an evaluation 
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of the contribution of the absorption coefficient o the theoretical distance correction 
term, that a slight error in the approximation of the path-averaged energy-dissipation 
coefficient will not adversely affect the resulting magnitude determination. Application 
of the appropriate path-averaged issipation coefficient for the particular energy-arrival 
period used in the magnitude determination might help explain the dependence of surface- 
wave magnitude on period as reported by Evernden and Filson (197 I). 
Now using (11), it is possible to tabulate the correction factor -log10 Br for different 
distances and absorption coefficients, o that this factor can be easily used in magnitude 
determinations. Table 1 gives - log1 o Br as expressed by equation (11). For comparison, 
the empirical values derived by (2) are listed in the last column of this table. The two 
variables in this table, k and distance, are given in sufficiently small increments so that 
interpolation between values in the table can be done without any significant loss of 
accuracy. 
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TABLE I 
VALUES OF --1Oglo B r GIVEN BY (11) FOR VARIOUS VALUES OF k AND DISTANCE 
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ENERGY ASSORPII~N OOEFFICIEhT (10 ~M I 
C.4C C.80 0.80 1.00 1.20 1.40 1.80 1.80 2.C0 2.20 2.4C 2.6C 2.EC 3.O0 C-~ 
OISIA~CE 
50. 3.517 9.474 3.431 3.388 3.345 3.801 3.258 3.215 3.172 3 .128 3.C~5 -=.0~2 2.&9~ 2.486 L.243 
i00. 3.719 3.676 3.~33 3.590 3.547 3.504 3.481 8.418 3.3~5 3.332 3.288 3.246 3 .203 3.160 1.742 
150. 2.836 8.794 3.751 3.708 3 .~5 9.623 3.580 3.5.°7 3.48~ 3.451 3.408 3.866 3.325 3.2m0 2.033 
200. 3.920 3.878 3.855 3.782 3.750 8.707 3.665 8.622 8 .580 3.537 3.445 3.482 3=405 3.3o~ 2. i40 
250. 3 .~5 3.943 3.900 3.858 3.816 B. 773 3.731 3.8~9 3.~46 3.@04 3o5~2 3.519 3.477 3.435 2.40[ 
800. 4.C~8 ~.596 3.954 3.912 3.870 3.828 3.7~b 3.743 3.701 3,65& 3.617 3.575 8.533 8.491 2.~31 
350. 4.083 4.041 4.000 -=.958 3o916 3.874 3°632 3.790 3.748 3.706 3,6£4 8 .~2 2.580 3.53~ 2.043 
400. 4.122 4.081 4.039 3.947 3.956 3.914 3.872 3.83[ 3.288 3.747 3,706 3 .664 3.622 3.5~U 2.739 
450. 4.157 4.115 4.074 4.032 3,991 ~.950 3 .908 3.8@7 3.825 3.784 3.742 3.701 .=.c59 2.61t ~.6~3 
500. 4.188 4.147 4.105 4,064 4°025 3.982 3.540 3.899 37~55 3.817 3 .775 3 .7~4 8.693 3.¢51 2.~8~ 
550. 4.218 4.175 4.134 4.043 4 .052  4, u11 3 .970 3.929 3.@87 3. E46 3.805 3.7t4 3.~23 3.682 2.868 
~00. 4.241 4.201 4.16C 4 .119 9.078 4.037 3.846 3.956 3.915 3.874 .=.883 3.79~ 3.352 3.711 3.030 
~50. 4.265 4.224 4.184 4.~43 4 .103 4.0~2 4.C2|  3.481 3 .940 3.899 3.859 .=.818 5.778 3.737 3.c88 
700. 4.2~? 4 .246 4.206 4.186 4 .125 4.0~5 4.044 4.004 3.964 3.523 .=.883 3.842 8.802 .=. 762 3.141 
750. 4,307 4.287 4.227 4.187 4o146 4.106 4o066 4 .028 3.986 3o946 ~o905 3.~85 3.825 3,785 3o191 
800. 4 .326 4 .286 W.24~ 4.208 9.166 4.126 4. C16 4 .046  4,01~ 3.86;  3.92? 3.867 8.@47 5.~07 3.237 
850. 4,344 4,904 4.2t5 4.225 4.185 ~.145 4 .106 4 .C66 4.026 3,886 2.947 3.907 3.E67 3.827 3.281 
900. 4.361 4.32~ 4.282 4.242 4 .203 4 .183 4 .124  4,084 4.045 4.005 3.968 3.926 3.~87 3.847 3.322 
450, 4.877 4 .338 ~.288 4.259 4.220 4.130 4.141 4=102 4.0E3 4oC23 .=.8E4 3.945 3.9U5 3.866 3.3~I 
i000, 4,.=92 4.353 4.314 4.275 4 .23O 4.187 4 .158 4.119 4.079 4 .040 4,001 3.882 3 .4~ 3.~84 3.388 
1050. 4.407 4.3o6 4.328 4 .290 4 .251 4.212 4.173 4.135 4 .058 4.057 4.018 3.979 3.540 3.901 3.438 
1100. 4.420 4.382 4,343 4.304 4.266 4.227 4 .189 4.150 4.11|  4.073 4.034 3,845 5.857 3.918 3.96~ 
1150. 4.434 4.395 ~.357 4.518 4 .280 4 .241 4 .203 4=165 4 .126 4 .06~ 4.049 4.011 3.572 -=.934 3.45~ 
1200. 4.448 4.408 4.370 4.332 4 .293 4.255 4.217 4.174 4.141 4.1u2 4.C84 4 .U26 3.48@ 5.949 3.529 
1250. 4.458 4 .420 4.382 4.344 4.30~ 4.2~8 4 ,230  4.~92 4.154 4 .116 4.078 4 ,040 4.002 3.~64 3.558 
1300. 4=470 4.432 4.355 4.357 4 .314 4.2SI  4 .248 4=286 4.[88 4 .180 4,042 4 .054  4.&17 3.97% -=.5@6 
1350, 4.481 4.444 4.406 4 .369 4 .331 4.294 4 .258  4o~18 4.181 4,143 4 .118 4o6~8 4.031 3.893 3.614 
1400. 4.492 4,455 4.417 4.380 4.343 9 ,305 4 .268 4 .231 ~.198 4 .156 4 .119 4.081 4 .044 4.60~ 3.£40 
1450. 4.503 4 .966 4.428 4 .381 8.354 4.317 4 .280 4 .243 4 .206 4.168 4,1-=I 4 .099  4.057 4 .020 3.665 
1500. 4.513 4.476 4 .438 4.402 4.385 4.328 4.291 4.254 4.217 4 ,161 &.144 4 .167 4 .070  4.033 J .aSg 
1550. 4.523 4.4a£ 4.445 4.412 4.~76 4.339 4.302 4.286 4 .~28 4.192 4.156 4 .11~ 4.CE2 4.045 3,713 
1600. 4.532 4 .496 4 .458 4.423 4.3@8 4.350 4.318 4.277 4 .240  4.204 4.187 4.131 4 .£54 4.U58 3.73b 
1650. 4.541 4.505 4.468 4.432 4.396 4 .360  4 .324  4 .287 4.251 4.215 4.178 4.142 4 .1Cb 4 .070 3.758 
1700. 4 .550 4.514 4.478 4.442 4 .406 4.370 ~,334 4 .288 4.262 4.226 4.140 4 .154 4.11~ 4.082 3.~79 
1750. 4.555 4.523 4.4~7 4.451 4 .416 4.380 4 .344  4=308 4.~72 4.236 4.201 4.1~5 W.129 a.093 3.6u0 
1800, 4.567 4.552 4.4c.6 4.460 4.425 4.388 4 .354 4 .318 4.2@2 4.247 4,~i i  4 .17o 4 . ]40  4.104 3.t20 
1850. 4.575 4.540 4.505 4 .469 4 .484 9.399 4.3£3 4 .328 4.492 4.257 4.222 4 .1~ ~.151 4.115 .=.840 
1900. 4.583 4.548 4.513 4=478 %.443 4.468 4,372 4.337 4.302 4.267 4.2.=2 4.186 4 .181 4.12c 3.~89 
1950. 4.591 4 .556  4.521 4.486 4.451 4.416 4.381 4 .347 4.312 4.277 4 .262 4 .207 4 .172 4.137 3.@7@ 
2000. 4.599 4.564 4 .528 4.485 4 .460 4,425 4 .340 4 .356 4.~21 4.2@6 4.251 4 .217 4.1S2 4.147 3.@46 
2050. 4.006 4.572 4 .537 4 .543 4.468 ~.434 4 .399  4.~65 4 .330 4.245 4.2~I 4.226 4.192 4.157 3.414 
2100. 4.~13 4.574 4.545 4.511 4.~76 4.~42 4 .408 4.373 4.339 4.3C5 4 .270 4 .238 4 .~02 4.167 3.43[ 
2150. 4.621 4.586 4.552 4.518 4.484 4.450 4 .416  4.382 4.346 ~.314 4 .2~L 4.245 4.211 4.177 3.~4~ 
2200. 4°827 4.594 4 .560 4.526 4.442 4 .458 4 .424 4.3~0 4.35t  4.523 4 .2~ 4.255 4 .~ I  4=i~? 3.~t5 
2250. 4.634 4.600 4.567 4.533 4 .500  4.466 4 .432  4 .59S 4 .365 4.331 4,298 4 .264 4 .230 4.197 3.4~I 
2300. 4.641 4=607 4.574 4 .540 4.507 4.474 4 .440 4.407 4.37-: 4 .340 4.3£6 4 .273 4 .238  4.2Dr 3.~47 
2550. 4.~47 4.614 4.581 4.548 4o514 4.~81 4.448 4.415 4.881 4.34~ 4..=15 4 .282 4 ,24s  4.215 4.612 
2400. 4.654 4.621 4.587 4.554 4.521 4.46~ 4.455 4.422 4,3E9 4=356 4.323 4 .290 4.257 4=214 4.627 
2450. 4.bbC 4.027 4.594 4.561 4 .529 4.496 4 .463 4 .430 4.357 4.365 4.332 4 .299 4.~66 4 .233 4.042 
2500. 4°666 4.633 4.801 4.508 4.535 4.505 4 .470  4.438 4.4~5 4.373 4.340 4 .307 4 .275 4.242 4.657 
2550. 4.672 4.639 4 .bC7 4.575 ~.542 4.510 4.478 4.445 4 .413 4.3E0 4.3~8 4.316 4.285 4.25~ 4.071 
280~. 4.678 4.645 4.613 4.581 4 .549 4.517 4 ,4£5 4.4~3 4.420 4.3@8 4.356 4 .324 4°242 4.260 4.C88 
2650. 4 .683 4.=51 4.619 4.5E7 4 .55~ 4.524 4 .492 4 .460 4 ,426 4.346 4.8E4 4 .3~ 4.300 4,208 4.~99 
2708. 4 .689 4.657 4o625 4.594 4.562 4 .530 4 .489  4 .467 4.435 4.405 4.3]2 4 .3~G 4.3~8 4.277 4.112 
2750. 4°694 4.663 4.851 4.600 4.568 4 .537 4.505 4.474 4 .442 4=411 4.375 4.348 4..=ib 4.285 4.125 
2800. 4.700 4 .b68 4.637 4,606 4.575 4.543 4.512 4.4EI  ~ .450  4.418 4 .387 4.35~ 4.324 4 .293 4.188 
2E5~.  4 .7¢5 4 .674 4 .643 4 .612 4 ,581 4 .550 4 .519 4 .4E8 4 .457 4 .4LO 4 .354 4 .3A3 '1. 532 4 .301 4.1D1 
2900. 4.710 4.675 4.648 4 .618 4.567 4.556 4,525 4.494 4.464 4.4~3 4.402 4.371 4 .340 4.804 4.163 
2950. 4o715 4.685 4.o54 4 .624 4,583 4.582 4.5.=2 4.501 4 .470 4,440 4 .408 4.37"~ 4.34~ 4.317 4.[76 
3000. 4.710 4.640 4.600 4.629  4 .599 4 .568 4 .538  4.508 4.'~ 77 4.447 4,416 4.3Eb 4 .35o 4.325 4.18~ 
9058° 4°725 4.645 4.665 4,635 4.bC5 4.574 4 ,544 4.514 4 ,484 4 ,454  4.423 4.393 4.38J  4.333 4.200 
3100. 4 .730 4.700 4.6;0 4.640 4,010 4.580 4 .550 4.520 4.49L ~.4oU 4.430 4.4UI  4.371 4.341 4.~11 
3150. 4.735 4.705 4.675 4.646 4 .~16 4.5~6 4.556 4,527 4.4c. 7 4.467 4.4.=7 4=4C8 4.378 4= 3~,~ 4.2~3 
3200. 4 ,740 4 ,710 4.681 4.~51 4.622 4.542 4.5~2 4.533 4.503 ",.474 4.444 4.415 ~.385 4.38~ 4.234 
3250. 4.744 4.715 4.b~ 4.686 4.627 4.548 4 .5~8 4.53S 4 .510  4.460 4,451 4.422 4.342 4.30~ 4.~45 
3300. 4.749 4.720 ~.641 4.~62 4.632 4 .603 4 .574 4.5~5 4 .516  4.487 4 .458 4 .429 4 .400 4.371 4.256 
3350. 4°753 4°724 4.o46 4.667 4 .038 4 .609 4.580 4.55[  4.522 4.443 4.4E5 4 .436 4 .407 4.378 4.~67 
3400. 4.758 4.729 4 .700 4.672 4.643 4.614 4 .586 4.557 4 .528 4.500 4.471 4 .4~2 4.414 4.38~ 4.278 
3450. 4.762 4.734 4.705 4.677 4.648 4.620 4 .561 4 .563 4 .P35 4.508 4.47U 4.449 4 .42I  4.392 4.288 
3500. 4,766 4.738 4 .710 4.~82 4 .653 4 .625  4 .597  4.56& 4.541 4.512 4o4E4 4 .456 4 .428 4.399 4,29& 
3550. 4.771 4.745 4.715 4,687 4 .659  4,631 4 .~03 4 .575 4.54~ 4.518 4 .440 4.402 4.434 4.40~ 4.3{5 
3600.  4 .775 4.74,7 4 .719 4 .691 4.6@4 4 .036 4 .608 4 .5G8 4 .552 4 .525 4 .447 4 .469 ,~ .441  4 .413 4 .314 
3050. 4.779 4.751 4.724 4 .690 4 .669 4.641 4.613 4.5E6 4.558 4.531 4.503 4 .4?5 ~.446 4.42C 4.~28 
3700.  4 .783 4 .75~ 4 .728 4 .701 4 .873 4 .848 4 .619 4 .59[  4 .5~4 4.5.~7 4 .5CS 4 .482 4 .455 4 .427 4 .334 
3750.  4.7@7 4.7o0 4.733 4.705 4°678 4.651 4 .624 4.5c~7 4.570 4. E4~ 4.515 4 .46~ 4.461 4.434 4.34~ 
3800. 4.791 4.7~4 4.737 4.710 4.083 4.658 4.829 4 .b02 4.575 4.548 4.5~i  4.445 4.468 4.441 4.558 
3850. 4.795 4.768 4.741 4.715 4.o88 4. b~I 4.634 4 .60~ 4.581 4.554 4.528 4 .5GI  4.474 4.447 4.307 
3900. 4.794 4.771 4.745 4.719 4.b~3 4. bbb 4 .~40 4 .o13 4.5~7 ~.SbC 4.534 4 .507 4 .481 4 .~54 4.377 
3950. 4.802 4.776 4.750 4.723 4 .097 4.671 4.8~5 ~.618 4 .592 4.56~ 4.534 4 .513 4 .487 4.461 4.3@6 
4000.  4 .806 4 .780 4 .7E4 4 .728 4 .702 4.676 4.~50 4 .824 4 .547 ~.. 571 4 .545 4 .51~ 4 .~93 4 .487 4 .395 
4050. 4.810 4 .784 4.758 4.732 4.708 4.680 4.@55 4.629 4.cC-= 4.577 4.551 4 .525 4 .499  4.474 4.404 
4100. 4.813 4.7~8 4.7t2 4.736 4 .711 4.685 4 .659  ~.634 4.b[8 4.583 4.557 4.531 4.508 4 .~80 4.412 
4150. 4.817 4.791 4 .76~ 4.741 4.715 4 .690 4 .864 4.639 4.014 4 .588 4 .5t3  4 .537 4 .512 4.486 4.421 
4200. 4.820 4.7q5 4 .770 4.745 4.720 4.694 4.668 4.644 4.615 4.5~4 4.568 4.543 4..~18 4.~93 4.~30 
4250. 4.824 4 .799 4.7~4 4.749 4 .724 4 .698 4 .674 4 .049 4 .624 4 .599 4 .574 4 ,545 4 .~24 4 .499 4.43~ 
4300. 4.827 4.802 4.778 4.753 4.728 4°703 4 .679 4.654 4.624 4 .604 4 .550 4 .555  4 .530  4.5~5 4.447 
4350. 4.E31 4 .806 4.782 4.757 4.732 4 ,708 4 ,683 ~.659 4.t34 4.610 4.5E5 4.581 4.536 4 .512 4.~55 
4400. &.854 4 .810 4.7~5 4.761 4.737 4.712 4 .0@8 4.~64 4.634 4.815 ~.591 4 .5~ 4.~42 4.51~ 4.463 
4450. 4 .837 4 .813 4.784 4.7~5 4.741 4.717 4 .bS3 4.008 4.644 4.~20 4 .~6 4.572 4 .5~8 4 .524  4.471 
4500. 4.E41 4 .817 4.783 4 .769 4 .745 4 .721 4.6~7 4.673 4.644 4.625 4.60~ 4.578 4.554 4 .530 4.478 
4550. 4.844 4.820 4.7c.6 9 .773 4 .749 4 .725 4.702 4.~78 4.054 4.631 4.bC7 4 .583  4 .560  4.536 4.4~7 
4600. 4.847 4.823 4.8GC 4.777 4 .753 4.730 4 .7£6 4 .683 4.~54 4.636 4.612 4 .5~9 4 • 5~:5 4 .542 4.455 
4650. 4.850 4.~27 4.804 4 .780 4.757 4.734 4.71[  4.~87 4.064 4.~41 4.618 ~.594  4 ,571 4.548 4.503 
4700. 4.E53 4.838 4.807 4.784 4.7bi  4.738 4.715 4.8~2 4.~64 4.046 4.623 4 .600 4 .577 4.554 4.511 
4750. 4 .656 4 .833 4.811 4.788 4.765 4°742 4 .719 4.687 4.b34 4.651 4.628 4.6C5 4 .5d2 4.560 4.51~ 
4800. 4.859 4.837 4 .814 4.741 4.769 4 .746 4 .724 4.701 4 .678 4 .656 4.~33 4.611 4=588 4.56E 4 ,5~ 
4850. 4.862 4 .640 4.817 4.749 4.773 4 .750  4 .728 4 .766 4.rE3 4.661 4.~38 4 .616 4 .5~4 4.571 4.553 
4900. 4.885 4.843 4.821 4.799 4.777 4.754 4.732 4.710 4 .o88 4 .666 4.644 4 .621 4.594 4.577 4.541 
4950. 4.808 4.846 4.824 4.802 4.780 4 .758 4 . ]36 4.714 4.o~3 4.671 4.649 4 .627 4,b05 4 .583 4.548 
5000. 4.871 4.848 4 .828 4 .806 4.784 4.762 4.741 4.714 4.647 4.675 4.E54 4.Z32 4 .@I0 4 .5~& 4.555 
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The application of this theoretical surface-wave magnitude formula to the earthquake- 
explosion discrimination problem is immediate. Surface-wave magnitudes obtained for 
different propagation paths may be compared by merely normalizing the magnitudes 
obtained by using one particular path-averaged dissipation coefficient o that obtained 
by using some "standard" coefficient. This normalization might provide a means for 
better separating natural events and explosions in the m b-  M~ plots. 
This normalization can be accomplished by defining 
M,o = M~(k) -N(k )  (12) 
where N(k) is the normalization term given by 
N(k) = IOgl0[er~k°-k).] = 0.434r (ko -k )  (13) 
where ko is the "standard" energy dissipation coefficient, k is the particular path- 
averaged energy-dissipation coefficients of the period of the maximum amplitude, and r 
is the source to receiver distance. 
In conclusion, we observe that for measurements of surface-wave magnitude for events 
having purely continental travel paths, the widely accepted istance correction formula 
fails to give accurate consistent results, especially for short propagation distances. This 
empirical distance-correction term, which was never intended for general use for events 
having propagation paths less than 15 °, implies energy-absorption coefficients higher than 
those observed over an average continental path. Calculations of magnitudes computed 
using a theoretical distance correction term, which takes into account both the absorption 
and dispersion properties of a typical continental structure, seem to give accurate, dis- 
tance-independent results. Magnitudes computed using this theoretical formula can be 
normalized to take account of the average dissipation coefficient along the travel path, 
and, thus, provide a valid means to systematically compare magnitudes obtained for 
different events and travel paths. 
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